Spatial separation of water dimer from water monomer and larger water-clusters through the electric deflector is presented. A beam of water dimer with 93 % purity and a rotational temperature of 1.5 K was obtained. Following strong-field ionization using a 35 fs laser pulse with a wavelength centered around 800 nm and a peak intensity of 10 14 W/cm 2 we observed proton transfer and 46 % of the ionized water dimer broke apart into a hydronium ion H3O + and OH.
Hydrogen bonding between water molecules plays an important role in aqueous systems, e. g., for biomolecules that are surrounded by solvents. It is responsible for the unique properties of water, such as its high boiling point [1] . While hydrogen bonds have been studied extensively in many different molecular systems [2] [3] [4] [5] [6] [7] [8] , one of the most important models remains the water dimer, somehow the smallest drop of water. Numerous studies have been conducted on this benchmark system and its structure with a single hydrogen bond is well known [9] [10] [11] [12] .
Water and water-clusters have been studied using various techniques to describe dynamics such as proton motion [13] or chemical processes, e. g., reactive collisions [14] . For investigations of ultrafast molecular dynamics, such as energy and charge transfer across hydrogen bonds in molecular systems, photoion-photoion coincidence measurements at free-electron lasers are developing as a powerful tool [8, 15, 16] and this approach was also used to study hydrogen bonding in the water dimer at a synchrotron [17] . Other spectroscopic techniques utilizing synchrotron facilities [18, 19] or table-top laser-systems [5, 6, 20, 21] further improved the knowledge about hydrogen bonding in water and water-clusters.
Most of these experiments investigating the dynamics of hydrogen-bonded systems would benefit from samples of identical molecules in a well-defined initial state. The widely used supersonic expansion technique provides cold molecular beams down to rotational temperatures of < 1 K [22] [23] [24] . However, cluster expansions do not produce single-species beams, but a mixture of various cluster stoichiometries. Hence, only a low concentrations of specific species can be achieved. In the case of water, supersonic expansion produces a cold beam of various water clusters [2] with a water dimer concentration of only a few percent [17, 25] . This leads to small experimental event rates and requires long measurement times, e. g., in coincidence detection schemes [16, 17] . These experiments with a mixture of molecules in a molecular beam are only feasible if it can be disentangled which molecule was actually measured. Therefore, these mixtures severely limit the applicable techniques. A pure beam of water dimer would significantly speed up the measurements, when unwanted backgrounds from carrier gas and larger water-clusters are avoided, or simply enable such experiments.
The electrostatic deflector is an established method to spatially separate the molecules of interest from the carrier gas and to separate different species within a cold molecular beam [26] . This includes the separation of molecular conformers [27] [28] [29] [30] , individual quantum states of small molecules [31, 32] , as well as specific molecular clusters [24, 33, 34] . The deflector was previously utilized in investigations of water, e. g., to determine the rotational temperatures of "warm" molecular beams of water [35] , to separate its para and ortho species [32] , and to measure the dipole moment of small water-clusters [36] . Spatially separated single-species samples enable, for instance, advanced imaging applications of water-clusters using non-species-specific techniques, as well as the study of size-specific effects and the transition from single-molecule to bulk behavior.
Here, the electrostatic deflector was used to spatially separate water dimer from water and larger water-clusters in a molecular beam formed by supersonic expansion. The experimental setup was described previously [26, 37] . Briefly, liquid water was placed in the reservoir of an Even-Lavie valve [23] , heated to 55 • C, seeded in 100 bar of helium, and expanded into vacuum with a nominal driving-pulse duration of 19.5 µs and at a repetition rate of 250 Hz. The produced molecular beam was doubly skimmed, 6.5 cm (∅ = 3 mm) and 30.2 cm (∅ = 1.5 mm) downstream from the nozzle, directed through the electrostatic deflector [38] of 154 mm length and with a nominal field strength of 50 kV/cm with an applied voltage of 8 kV across the deflector, before passing through a third skimmer (∅ = 1.5 mm). The deflector was placed 4.4 cm behind the tip of the second skimmer. In the center of a time-of-flight (TOF) mass spectrometer, 134.5 cm downstream from the nozzle, molecules were strong-field ionized by a 35 fs short laser pulse with a central wavelength around 800 nm and a pulse energy of 170 µJ. Focusing to 65 µm yielded a peak intensity of ∼10 plate detector combined with a phosphor screen and the generated signal was recorded with a digitizer. The valve, skimmers, and deflector were placed on motorized translation stages, which allowed movement of the molecular beam through the ionization laser focus and the recording of vertical molecular-beam-density profiles without moving the laser focus, resulting in fixed imaging conditions [39] [40] [41] .
While the employed strong-field ionization is a general, non-species specific ionization technique, it can also lead to fragmentation of molecules, such that recorded mass spectra (MS) do not directly reflect the composition of the molecular beam. In combination with the species-specific deflection process, however, this can be disentangled and, thus, even allows for the investigation of strong-fieldinduced fragmentation processes of a single species.
TOF-MS of the direct and the deflected beams are shown in Fig. 1 . The spectrum of the undeflected beam shows water-cluster ions (H 2 O) + n up to n = 2 and protonated water-cluster ions (H 2 O) n H + up to n = 10. Even larger clusters were likely formed in the supersonic expansion, but were not observed in the recorded TOF interval. We point out that all clusters that reach the interaction region are neutral clusters of the type (H 2 O) n , and protonated clusters must result from the interactions with the femtosecond laser, i. e., due to fragmentation during or after the strong-field-ionization process.
Vertical molecular-beam-density profiles for water ions the water ion with 0 kV across the deflector is also shown. The vertical molecular-beam-density profiles have been normalized to the area of the field-free spatial profile of the water ion. For visibility the water dimer profile has been scaled by a factor of 100 after normalization. While the field-free molecular beam profile is centered around 0 mm, application of a voltage of 8 kV to the deflector shifted the peak of water ions, water dimer ions, and protonated water-cluster ions by +0.5 mm, as indicated by the red arrow in Fig. 2 . In addition, the water-dimer ion showed a broadening and an increase of signal at around +3 mm, indicated by a black arrow in Fig. 2 . In the inset of Fig. 2 the region around +3 mm is shown enlarged with a magnification factor of 5 applied to (H 2 O)
The corresponding TOF-MS in the deflected part of the beam at a position of +3 mm is highlighted in Fig. 1 by the blue line. Not just the water dimer ion, but also the hydronium ion H 3 O + and the water ion showed an increased signal in the deflected beam. The shape of the vertical beam profiles for these ions matched the water dimer profile in the region of 2.8-3.5 mm, indicating that they originated from the same parent molecule.
The water dimer ion was the largest non-protonated cluster measured in this setup. To verify that the water dimer ion was originating from the water dimer, the deflection behaviour of water-clusters inside the electrostatic deflector was simulated. Therefore, the Stark energies and effective dipole moments of water and water-clusters were calculated with the freely available CMIstark software package [42] using rotational constants, dipole moments, and centrifugal distortion constants from the literature [11, [43] [44] [45] [46] , see Suppl. Inf. Table I ; contributions of the polarizability to the Stark effect could safely be ignored [38, 47] . The effective dipole moment for water dimer is much larger than for water, leading to a larger acceleration in the electric field in the deflector, see Fig. 3 of the Suppl. Inf. for further information.
The simulated vertical molecular-beam-density profiles of water and water dimer are shown in Fig. 2 . Due to the rotational-state dependence of the Stark effect, the deflection of a molecular beam in an electrostatic field depends on the rotational temperature of the molecular ensemble [26] and the best fit was obtained assuming a Maxwell-Boltzmann population distribution of rotational states corresponding to 1.5(5) K.
Not only deflection of water dimer, but also of all protonated-cluster ions has been measured, for instance, for (H 2 O) + n with n = 3 . . . 7 were performed to understand the origin of this deflection behavior. These showed that, based on the different effective dipole moments, a different deflection is expected for different water-clusters, see Fig. 5 of the Suppl. Inf.. Since the detected protonated waterclusters arose from the strong-field fragmentation of larger neutral clusters in the interaction region, the measured vertical protonated-cluster density profiles are a superposition of several neutral water-cluster density profiles. Thus, it is not possible to compare the individual simulated molecular-beam-density profiles of neutral clusters directly with the measured protonated water-cluster density profiles. Instead, at each position of the deflection profile the signal from all water-clusters has been summed up, both for the simulated and the measured molecular-beam-density profiles. The result yields a comparable amount of deflection for simulated and measured molecular-beam-density profiles, see Suppl. Inf. Fig. 6 . The shift of 0.5 mm can, therefore, originate from the superimposed molecular-beam-density profiles from different larger clusters due to fragmentation into smaller waterclusters. . Nevertheless, the simulation for water-clusters n = 1 . . . 7 shows that water dimer deflected the most, reaching a position of +3 mm and above, see Suppl. Inf. Fig. 4 and Fig. 5 . Of all the other clusters considered, only the water hexamer in its prism and book forms reaches to a position up to 3.2 mm with the falling edge of the profile. The water hexamer has only been measured as a fragment and the amount of water hexamer in the molecular beam is unknown. Assuming an exponential water-cluster distribution, the amount of water hexamer in the deflected molecular beam is negligibly small.
The TOF-MS in the deflected part of the beam, shown in Fig. 1 Fig. 2 and Suppl. Inf. Fig. 1 . The observed constant ratio of those fragments over this spatial region indicates that all these fragments originated from water dimer.
Comparing the intensity of the fragments of water dimer, H 2 O + and H 3 O + and (H 2 O) + 2 , in the deflected beam, the fragmentation ratios of the intact water dimer were estimated. These showed that 46(7) % of water dimer fragmented into one ionized water molecule, while 46(4) % of water dimer underwent most likely proton transfer and formed a hydronium ion. Only 8(2) % of the water dimer present in the molecular beam stayed intact after ionization.
The actual number of water-dimer molecules per shot in the deflected molecular beam was estimated to ∼0.8 within the laser focus using the known fragmentation ratios of H 2 O + and H 3 O + into account, while the fragmentation channels of H
have not been included. Taking the known fragmentation channels into account, the fraction of water dimer within the molecular beam was evaluated. Comparing the ratios between water dimer and all other species visible in the TOF, a water dimer fraction of 3.9(6) % in the center of the undeflected beam and of 93(15) % in the deflected beam, at a position of +3 mm, was achieved. Thus, using the electrostatic deflector the fraction of water dimer within the interaction region could be increased by nearly a factor of 24.
In summary, a high-purity beam of water dimer was created using the electrostatic deflector, which spatially separated water dimer from other species present in the molecular beam. The resulting water dimer sample had a purity of 93(15) %. The fragmentation products and ratios of water dimer following strong-field ionization using a 35 fs laser pulse with a wavelength centered around 800 nm and peak intensity of ∼10 14 W/cm 2 were studied, with 46(4) % of water dimer found to form hydronium ions and 46(7) % fragmenting into one water cation and one neutral water, while 8(2) % of water dimer stayed intact. The deflection profiles could be simulated using a rigid-rotor model and an initial rotational temperature of 1.5(5) K.
The produced clean samples of water dimer are well suited for non-species-specific experiments, e. g., reactive-collisions, diffractive imaging, or ultrafast spectroscopies [14, 39, 49] . Even for experiments that can distinguish different species, for example photoion-photoion coincidence measurements [8, 50] , the produced clean beams will enable significantly faster measurements of this important hydrogen-bonded model system, e. g., because unwanted backgrounds are avoided. Furthermore, the electrostatic separation technique can be used to separate different conformers [26] , which could be highly interesting in the purification and studies of larger waterclusters that exhibit multiple conformers [51] .
Supplemental Material: Pure molecular beam of water dimer 
FRAGMENTATION CORRECTION OF MEASUREMENTS
The strong-field-ionization technique employed in this work can lead to fragmentation, such that clusters from the molecular beam contributed to smaller masses in the mass spectrum (MS). For example, the water monomer and water dimer signals at m/q = 18 u/e and 36 u/e, respectively, contained contributions due to fragmentation of larger water-clusters in the molecular beam. Therefore, measured intensities needed to be corrected for these fragmentation channels. In addition, background water inside the chamber was measured at 18 u/e and needed to be corrected for.
For the latter, background measurement were permanently performed during the experiments using the higher repetition rate of the laser compared to the valve. Laser pulses were arriving in the interaction region at the same time as the molecular beam and between two molecular beam pulses, such that for each data point a background measurement was performed. The background signal was subtracted from the measurements.
The fragmentation ratios of water dimer into smaller masses could be estimated and used for the calculation of the fraction of water dimer in the deflected and undeflected molecular beam [1] . In Fig. 1 For larger clusters, only fragments were measured, such that the measured signal was not solely due to a specific cluster stoichiometry and the overall shape of the molecular beam profile arose from several larger water-clusters. All protonated-water-cluster ions recorded showed the same deflection behavior, see Fig. 2 . An estimate of the exponential decay of the measured protonated water-clusters distribution showed that protonated water-clusters n = 1 − 10 contained 99.6 % of the overall intensity. 
TRAJECTORY SIMULATIONS
The Stark energies and effective dipole moments µ eff of water-clusters n = 1 . . . 7 were calculated using the freely available CMIstark software package [2] , which were then used to perform trajectory simulations [3] and to verify the measured deflection profiles of water-clusters. The rotational constants, dipole moments and centrifugal distortion constants from the literature are summarized in Table I . Three conformers for the water hexamer in prism-, book-and cage-like form [13] and two conformers of the water heptamer following the naming scheme of [15] were included.
For these simulations the water-clusters were assumed to be rigid rotors. Since the water dimer is known to be a floppy molecule with large amplitude motions [7, 16] , the corresponding energy spectra and the description of the interaction of the states would significantly complicate further analysis. Using a rigid rotor assumption enables an easier and faster description and it has been shown previously that this model can be used to fit pure rotational transitions of the water dimer to experimental measurements [8] .
For the rotational states J = 0 . . . 2 of water and water dimer the Stark energies and the corresponding µ eff as a 
Comparison of the averaged measured protonatedwater-cluster signal (red) and the individual measured protonated water-clusters deflection profiles for n = 2 . . . 7. The profiles are normalized to the area under the curve.
function of the electric field strength are shown in Fig. 3 . For water dimer all relevant states are strong-field seeking and, hence, accelerated toward regions of stronger fields. For a nominal field strength of 50 kV/cm the µ eff of the water dimer are significantly larger than for water monomer, except from the |J, K a , K c , M = |2, 0, 2, 0 , |2, 1, 1, 1 states, leading to a larger acceleration in the electric field. All the shown states have a small asymmetry splitting, see Table I , resulting in a fast rise of µ eff at small electric field strength. The discontinuous change of µ eff at an electric field around 30 kV/cm is ascribed to an avoided crossing of the |2, 2, 0, 2 and |3, 2, 2, 2 states. The trajectories of the molecules inside the electrostatic deflector were simulated using the calculated µ eff [3] . For quantum states J = 0 . . . 10, 10 7 trajectories were calculated for each set of J states and used to simulate the spatial profiles using a weighting factor based on the thermal distributions of the state for a given temperature. Those temperature-weighted simulated vertical molecular-beam profiles were scaled to the area under the curve of the corresponding experimental profile to compare the deflection profiles. The simulations include the nuclear-spin-statistical weights for water and water dimer. For para and ortho water a room-temperature distribution of 1 : 3 was used. Water dimer in its equilibrium geometry is isomorphic with the permutation-inversion point group D 4h including tunneling splittings [17] . Neglecting tunneling splittings and acceptor switching, the rigid water dimer belongs to the symmetry group C S (M ), yielding nuclear-spin-statistical weights of para:ortho of 16 : 16 [18] . The simulated profiles for water dimer at different rotational temperatures T rot including rotational states J = 0 . . . 10 are shown in Fig. 4 . An initial-beam temperature of T rot = 1.5(5) K reproduced the experiment the best. At this temperature water in the para nuclear spin state has 100 % of its population in its absolute rotational ground states |J = 0, K a = 0, K c = 0, M = 0 , while ortho-water populates the |J = 1, K a = 0, K c = 1, M = 0, 1 state to equal amounts. 99.9 % of the para-water dimer and 99.9 % of the ortho-water dimer population is within J = 0 . . . 10.
Trajectory simulations were performed for waterclusters up to n = 7. Based on the estimated watercluster distribution, vide supra, this covers 97.8 % of the water-clusters in the molecular beam, while ∼2.2 % of the molecules in the beam are from water-clusters n ≥ 8. The simulations for water-clusters including J = 0 . . . 2 and using the same rotational temperature T rot = 1.5(5) K of water dimer are shown in Fig. 5 . We note that at
Simulated deflection profiles for water-clusters for n = 2 . . . 7 are shown. Three different conformers of the water hexamer and two of water heptamer were included, see text for details. this temperature rotational states up to J = 10 might be populated in the molecular beam and the rotational temperature can differ from the one of water dimer. Thus the simulations give just an estimate of the amount of deflection. Based on the simulations the water dimer is deflecting the most of all water-clusters, followed by the water hexamer in prism-and book-like form, which reaches to a position of +3.2 mm.
Since for larger clusters only fragments have been measured and, therefore, the shape of the recorded beam profiles is the result of a superposition of several neutral cluster distributions in the molecular beam, it is not possible to compare the single deflection profiles directly with simulations. Therefore, at each position of the deflection profile the signal of the measured protonated water-clusters for n = 2 . . . 10 have been summed up. The H 3 O + , n = 1, contained also signal from water dimer and has not been included. For the computationally derived profiles n = 3 . . . 7 were summed up for each position. As for the hexamer and heptamer several conformers have been simulated, each profile of the hexamer has been divided by 3 and for the heptamer by 2. This is shown in Fig. 6 . These simulations assume a rather low temperature of 1.5 K and did not include the needed nuclear spin statistical weighting for larger-clusters. In addition, the decaying water-cluster distribution in the molecular beam was not taken into account, resulting in a slightly different deflection profile than the measured one. However, comparing the simulated and the measured deflection profiles, the deflection is on the same order of magnitude and the right-hand side tail of the simulated deflection profile is reaching up to a position of +3.2 mm.
